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ABSTRACT
Sand Sea Extents and Sediment Volumes
on Titan from Dune Parameters
Karl Douglas Arnold
Department of Geological Sciences, BYU
Master of Science
Linear dunes are one of the most abundant and important features on the surface of Titan.
We present a model for estimating the volume of dune sediment using the area coverage of
Titan’s sand seas along with dune widths, spacings, and heights. This helps to reveal local
sediment transport and deposition. We refine global dune area estimates from Cassini SAR
(Synthetic Aperture RADAR) of 20 million km2 or 24 ± 3% of Titan’s surface based on ~50%
Cassini RADAR global coverage. Additionally, the global area of sand seas is estimated from a
joint analysis of Cassini SAR and ISS (Imaging Science Subsystem) images of 12.8 ± 2 million
km2 or 15.4 ± 2.4% of Titan’s surface. Also, we provide the first area measurements by sand sea,
then describe a new method for estimation of the volume of dune sands across the sand seas
based on imagery and measured dune characteristics (i.e., width, spacing, profile, and height) on
Titan and in Earth’s Namib Sand Sea. Our volume thickness map shows sand sea volumes of
3.8–7.9 x 104 km3 in Senkyo, 6.1–12.7 x 104 km3 in Belet, 5.3–11.0 x 104 km3 in Shangri-La, and
also 5.3–11.0 x 104 km3 in Fensal and Aztlan Sand Seas. Our estimate for global dune sand
volume is 206,000 km3 - 427,000 km3. The volume map identifies regional changes in sediment
thickness implying local variations in transport and deposition and spatial variations in wind
strength and direction. We show that dunes might be isolated to equatorial regions because of
wind strength, topography, sediment supply, and humidity. Our preliminary map can be used as a
tool to understand sediment transport and deposition to explain spatial variations in eolian
sediment volume on Titan.
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1.0 Introduction
Prior to the arrival of the Cassini spacecraft in 2004 surface observations of Saturn’s
largest moon Titan were nearly impossible because of the hazy nitrogen and hydrocarbon-rich
atmosphere. Since arriving, Cassini has revealed dynamic landforms, a few of which are similar
to those on Earth and are strongly linked to the climatic history of Titan. Observations of highlatitude lakes filled by liquid hydrocarbons (Lorenz et al., 2006; Stofan et al., 2007; Aharonson
et al., 2009), fluvial networks at all latitudes (Elachi et al., 2007; Burr et al., 2006, 2009), and
vast fields of dunes circling the equatorial region (Lorenz et al., 2006; Soderblom et al. 2007;
Barnes et al., 2008; Lorenz and Radebaugh, 2009) make Titan’s surface one of the most
interesting places in our solar system.
Vast fields of linear dunes were unexpected on Titan because there is less atmospheric
energy than on other bodies with dunes, resulting from Titan’s distance from the sun (Lorenz et
al., 1995). However, dunes are one of the most abundant and important geologic features,
covering a greater area fraction than on any other planetary body (Zimbelman et al. 2013;
Lorenz, 2014) including Earth, where dunes cover ~4% of the surface (Lancaster, 1995; Bourke
et al., 2010). Nearly all the dunes visible on Titan are linear in form (Lorenz et al., 2006;
Radebaugh et al., 2008) and concentrated within large sand seas, expansive dune fields (>125
km2), near the equatorial region, between ±30° latitude (Radebaugh et al., 2008; Lorenz and
Radebaugh, 2009), and they are found at all longitudes except in the Xanadu region (70° W-140°
W) (Radebaugh et al., 2011). Linear dunes are straight or slightly sinuous symmetrical sand
ridges, much longer than their widths (Breed and Grow, 1979). Their presence indicate a
sediment source, areas of collection, and bi-directional winds traveling at speeds high enough to
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entrain sand-sized particles (Tsoar, 1985; Lorenz et al., 2006; Lorenz et al., 2008; Radebaugh et
al., 2008; Radebaugh et al., 2010; Reffet et al., 2010; Le Gall et al., 2011).
Similarities in dune morphology, such as height, spacing, and width have been
established for dune fields on Titan and Earth (Lorenz et al., 2006; Radebaugh et al. 2008; Neish
et al., 2010; Radebaugh et al., 2010; Savage et al. 2014). Dunes so far imaged on Titan are most
similar in size, radar reflectivity, and morphology to those imaged in Earth’s Namib, Saharan,
and Saudi Arabian deserts (Figure 1) (Radebaugh, 2010; Lorenz et al., 2006). Like dunes on
Earth, dunes and sand seas on Titan represent the results of major, global atmospheric and
surface processes (Lorenz et al., 2006; Radebaugh et al., 2008; Radebaugh et al., 2010;
Radebaugh 2013). Though similar in morphology to dunes on Earth, the processes by which
sediments are produced are different on Titan. Dunes on Earth are typically formed from silicate,
gypsum (from evaporites), or carbonate (from shallow marine environments) grains that are
eroded and transported to depositional termini by eolian processes. On Titan, dune material is
apparently produced in the satellite’s dense atmosphere, as hydrocarbon polymers (Jaumann et
al., 2009; Soderblom et al. 2007), falls to the surface and is perhaps deposited in sedimentary
layers, eroded by methane rainfall, and then transported by eolian processes to areas of
deposition (Radebaugh, 2013).
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Figure 1
Eolian dunes on Titan are similar in size and morphology to dunes on Earth. (Top) Landsat 7+ image of complex
linear dunes in Earth’s Namib Sand Sea, 22° 36" N 20° 44" E in Namibia. (Middle) Landsat 7 image of the Empty
Quarter near its southern margin, just north of the Saudi Arabia-Yemen border, 17° 30" N 47° 05" E. (Bottom)
Dunes on Titan seen by Cassini RADAR. These are part of the Fensal Sand Sea, ~ 6° S, 40° W. Dune sands are
radar-dark, while bright, elevated bedrock diverts the dunes. Image acquired during T25 flyby, Feb. 2007, 300 m
resolution.

Topographic data (Zebker et al., 2009; Lorenz et al., 2013) indicate that the majority of
Titan’s lowlands are found poleward of ~+-30° latitude, where there is no spectral or
3

morphological evidence of dunes (Lorenz and Radebaugh, 2009; Le Gall et al., 2012). Titan’s
sand seas are found near the equator, in regions of higher-than-average elevation (Lorenz et al.
2013). A notable exception is the Belet Sand Sea, which has an average elevation of -300 m and
thus appears to lie in a topographic depression (Le Gall et al., 2012). It is not known why sand
seas are isolated to the relative topographic highs in the equatorial regions on Titan, though
perhaps climate and atmospheric circulation are strong drivers. Climate models predict generally
dry conditions from the north and south tropics across the equator and more humid conditions
near the poles (Rannou et al. 2006; Tokano 2010). In addition, seasonally fast westerlies at the
surface are strongest near the equator (Tokano, 2010).
Other aspects of dune formation and evolution remain unknown. There is uncertainty
about whether dunes are presently active, though cross-cutting relationships indicate dunes are
among the youngest features on Titan (Radebaugh et al. 2010). Additionally, little is known
about the production of dune sands, their chemical and physical properties, transport pathways,
and depositional variations that exist regionally (Soderblom et al. 2007; Le Gall et al., 2011;
Savage et al., 2014). In this study, we define sand sea boundaries for Titan and determine the
first dune area estimates for individual sand seas from a comparison of data from Cassini
instruments. We use these area maps and measurements of dune widths, spacings, and heights to
create a model to determine global dune sediment volumes. This preliminary volume map can be
used a tool to help to us understand the interaction of wind with Titan’s surface and the transport
and accumulation of sediment in Titan’s dune fields.
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1.1 Dunes on Titan from Cassini SAR
Imaging dunes on Titan’s surface is a challenge because they are almost completely
obscured by the atmosphere at visible wavelengths (Porco et al., 2004). Therefore, our ability to
spatially analyze and quantitatively describe dunes is dependent on the coverage of Cassini’s
RADAR mapper, as RADAR data are not affected by atmospheric absorptions. The Cassini
RADAR instrument is a microwave sensor operating in three active modes (altimeter,
scatterometer, and synthetic aperture radar imaging, or SAR) and one passive mode (radiometer)
(Elachi et al., 1991, 2004, 2006; Soderblom et al., 2007). The SAR brightness in images
generated during Titan flybys corresponds to surface properties such as roughness, slope,
material composition, and volume scattering (Elachi et al., 2004). Dune material is dark in
Cassini SAR images, indicating low backscatter and high absorption by fine particles (Elachi et
al., 2006; Lorenz et al., 2006). With the exception of polar lakes and seas, dunes are the least
SAR-reflective features on Titan’s surface (Stofan et al., 2007; Le Gall et al., 2011).
In this study, we map dune field extents using RADAR swaths acquired in SAR mode,
which are 120 to 450 km wide and up to 5,000 km long, following the track of the spacecraft
(Elachi et al., 2004). Cassini SAR images represent the highest spatial resolution data available
for Titan, ranging from 0.2 to 2 km/pixel. Images can also be acquired in the “High-altitude”
SAR mode (also called HiSAR), resulting in >1 km/pixel (up to ~20 km/pixel) spatial resolution
images (Elachi et al., 2004). From July 2004 through July 2013, the Cassini RADAR instrument,
operating in SAR and HiSAR mode, imaged ~52% of Titan’s surface (Rodriguez et al., 2014)
(Figure 2).
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Figure 2
Global mosaic of all Cassini SAR and HiSAR swaths used in this study from July 2004 through January 2013.
Swaths are projected here in ArcMap 10 using a geographical coordinate system.

1.2 Dunes on Titan from Cassini ISS
Cassini ISS operates at visual wavelengths with a 0.938 µm narrow band pass filter and
infrared polarizer filters (Porco et al., 2004). This allows the instrument to take advantage of a
window in methane’s absorption spectrum in the near infrared where the opacity of the
atmospheric haze is lower. Additionally, best results are achieved at phase angles near 90°.
(West and Smith, 1991). Cassini ISS has to date imaged 100% of Titan’s surface at resolutions
better than ~10 km, with some regions at ~1 km (Turtle et al., 2009) (Figure 3). In this study, we
use a nearly global Cassini ISS mosaic (all longitudes, +45° to -65° latitude) produced by
Archinal et al. (2013). This mosaic corrects for brightness variations across images resulting
6

from varying resolutions and phase angles, though these corrections can only partially resolve
image inconsistencies.

Figure 3
Cassini ISS mosaic, by Archinal et al., (2013), projected here in ArcMap10 overlaying a previous version created in
2009 at the USGS Astrology Science Center. Cassini ISS operates at visual and near infrared wavelengths (Porco et
al., 2004). Dune material is identified in Titan’s equatorial sand seas Senkyo, Belet, Shangri-La, Fensal, and Aztlan
as Cassini ISS dark.

1.3 Importance of Studying Dunes
The formation of dunes on any body in our solar system requires a supply of sand-sized
sediment, wind speeds large enough to transport these sediments from sources, and topographic
conditions favorable for sand deposition (Lancaster, 1995; Radebaugh et al., 2008; Bourke et al.,
2010; Le Gall et al., 2012). Generally dry conditions are also typically more favorable for dune
formation, though this is not a requirement. Additionally, the form and size of dunes are a
function of sand supply, regional geology, wind conditions, the maturity of the system, and
planetary conditions such as the atmospheric boundary layer thickness (Bagnold, 1941;
7

Lancaster, 1995; Ewing et al., 2010; Lorenz et al. 2010; Lorenz, 2014). Therefore, the presence
of giant linear dunes on Titan holds clues for understanding important processes once active, or
presently active, at the satellite’s surface.
Through this project, we seek to better understand sediment transport and accumulation
on Titan by quantifying the area and volume of dune material in Titan’s Fensal, Aztlan, ShangriLa, Belet, and Senkyo Sand Seas. Precise measurements of the areas of the sand seas, dune
widths, and dune spacings, along with reasonable height estimates, contoured through the
satellite’s equatorial region, allow better constrained estimates of total dune sediment volume
globally and by individual sand sea, helping to further refine calculations for the organic
inventory of dune material (Lorenz et al., 2008; Le Gall et al., 2012). Similar to sand seas on
Earth, where dune sediment volume changes regionally (i.e., the Namib, Kalahari, and Grand
Desierto) (Lancaster, 1988), we expect the volume of sand on Titan to vary across sand seas.
Preliminary investigations into parameters controlling sediment volume (i.e. dune width, height,
spacing, and areal coverage) indicate that variations exist in sediment deposition that correlate
with changes in latitude and elevation (Le Gall et al., 2011, 2012; Lorenz et al., 2013, Neish et
al., 2013, Savage et al., 2014).

2.0 Areas of Dune Regions on Titan
Lorenz et al. (2008) were the first to estimate dune field areas based on an extrapolation
of existing Cassini SAR coverage to the remaining non-Cassini-SAR-imaged surface of Titan.
They estimated 20% total dune field area, extrapolating from ~20% global Cassini SAR
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coverage, mostly in the northern hemisphere. In 2009, with ~27% global SAR coverage, there
was still a predicted global dune area of 20% (Lorenz and Radebaugh, 2009).
With Cassini SAR coverage at ~33%, Le Gall et al. (2011) estimated global dune
coverage of ~12.5% of Titan’s surface or ~10 million km2. This lower estimate by Le Gall et al.
(2011) is due to increased SAR coverage in the southern hemisphere and the exclusion of SARbright obstacles (or inselbergs) within dune field area measurements. Rodriguez et al. (2014)
determined a global dune field area of 13 ± 2% of the SAR-covered area, which was then 58.1%
of the surface. When they extrapolated to the total surface area of Titan, they estimated dune
coverage to be 23%, or 19.2 million km2. Table 1 shows a comparison of global dune field areas
estimated from Cassini instruments (SAR, HiSAR, VIMS, and ISS). Recognizing a correlation
between the Cassini VIMS (Visual and Infrared Mapping Spectrometer) “brown unit” and dune
material in Cassini SAR imagery (Soderblom, 2008; Barnes et al., 2008; Le Corre et al., 2008),
Rodriguez et al. (2014) were the first to globally map dune field extents based on Cassini VIMS
data. VIMS observations, at the end of June 2010, entirely covered the equatorial belt of Titan,
with an average spatial resolution of ~15 km (Le Mouélic et al., 2012). In their new approach to
global estimates, Rodriguez et al. (2014) show that 72% of Cassini SAR-imaged dunes lie within
the Cassini VIMS “dark brown” unit. Based on the extent of the dark brown unit, they estimate a
global dune coverage of 17.5± 1.5%, or 14.6 ± 1.2 million km2, of Titan’s surface area.
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Table 1: Comparison of global dune field area estimates
Lorenz et al., 2008
Lorenz and Radebaugh 2009
Le Gall et al., 2011
Rodriguez et al., 2014
This Study
Rodriguez et al., 2015
This study

Cassini Instrument
SAR
SAR
SAR
SAR, HiSAR
SAR, HiSAR
VIMS
ISS

Instrument coverage
20% global coverage
27% global coverage
33% global coverage
58% global coverage
50% global coverage
100% dune latitudes
100% dune latitudes

Global Estimate
20%
20%
12.50%
23%
24%
17.5%
15.4%

2.1 Dune Field Areas from Cassini SAR/HiSAR
In this study, we map dune fields using Cassini SAR and HiSAR data similar to earlier
work by Le Gall et al., (2012) and Rodriguez et al., (2014). Using the same criteria, we identify
dunes as Cassini SAR-dark and linear in morphology, extending parallel to one another and
elongated in a generally W to E orientation (Figure 4). We exclude all other non-linear, SARdark features and all SAR-light (radar reflective) features such as bright mountains and obstacles
within dune fields (i.e. inselbergs). Dune sands and non-dune bedrock are clearly distinguished,
so our mapped areas are probably representative of actual linear dune distributions.

10

Figure 4
Cassini SAR image of the Belet Sand Sea centered at ~7° S, 107° E, winds in this region blow SW-NE (L-R)
(Radebaugh et al., 2010). Dark linear features are dunes while non-linear bright features are underlying substrate or
slightly elevated topographic inselbergs.

We mapped dune fields in ArcGIS, using all Cassini SAR and HiSAR imagery acquired
from the beginning of the mission though flyby T77 (Figure 5, Figure 6). The percent coverage
of dunes in each SAR swath, which can extend across sand sea boundaries, is given in Table 1,
and ranges from 1.5% to 58.0%. In determining global dune coverage we merged all dune
polygons where swaths overlap in coverage so as not to double count any areas. Mapped
boundaries in overlapping locations produced a few inconsistences (<5% error). Given sizes of
the dunes and calculated wind speeds, dune migration during the elapsed time between flybys is
unlikely; rather, we attribute the inconsistency to variations in illumination angle and resolution
caused by differences in approach and altitude of the spacecraft during flybys. The total percent
coverage of dunes in the available SAR images is 12 ± 1.4% (Table 1). To determine global dune
11

coverage with limited SAR imagery, we related the fraction of dune coverage in imaged areas to
the fraction of Cassini SAR coverage of Titan, and extrapolated upward. Our extrapolated global
area estimate of dune coverage is 20 million km2 or 24 ± 3% dune coverage on Titan based on
~50% Cassini SAR global coverage. We estimate a 12% error in our mapping methods based on
how closely our boundaries might vary from the true limits of dunes in the region. Table 1
shows a comparison of dune field areas from Cassini SAR swaths measured in this study to those
measured by Le Gall et al., (2011) and Rodriguez et al. (2014). Note that the greatest variability
across the three sets of measurements are for HiSAR swaths T13, T39, and T50 and regular SAR
swath T49, with differences ranging from ~30% to ~67%. This is likely because the resolution of
HiSAR measurements is poor, and thus mapping becomes more difficult and interpretive.
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Table 2: Comparison of estimated dune field coverage from Cassini SAR and HiSAR

Fly by

Date

T3
February 15, 2005
T8
October 28, 2005
T13
April 30, 2006
T13 (H) 4 April 30, 2006
T16
July 22, 2006
T17
September 7, 2006
T19
October 6, 2006
T19 (H) October 6, 2006
T21
December 12, 2006
T23
January 13, 2007
T25
February 22, 2007
T28
April 10, 2007
T29
April 26, 2007
T36 (H) October 2, 2007
T39
November 19, 2007
T39 (H) November 19, 2007
T41
February 22, 2008
T41 (H) February 22, 2008
T43
May 12, 2008
T44
May 28, 2008
T48
December 5, 2008
T49
December 21, 2008
T49 (H) December 21, 2008
T50
February 7, 2009
T50 (H) February 7, 2009
T55
May 15, 2009
T56
June 6, 2009
T56 (H) June 6, 2009
T57
June 22, 2009
T58
July 8, 2009
T61
August 25, 2009
T61 (H) August 25, 2009
T64
December 28, 2009
T69
June 5, 2010
T77
June 20, 2011
T84
January 2, 2013
T91
May 23, 2013
T92
July 10, 2013
Global Estimates:
1
2
3
4

SAR
Swath
Coverage 1
(%)

Dune coverage
within the SAR
swath (%) Le Gall
et al., 2011

2.14
2.26
1.74
0.10
2.06
0.28
2.23
0.65
1.55
2.06
2.08
2.20
1.97
0.47
1.55
1.37
2.15
0.53
2.67
2.15
1.48
2.09
0.25
1.26
2.13
2.11
2.08
0.93
1.17
2.05
2.04
0.20
1.08
2.13
1.06
0.71
1.02
2.03

13.50
37.20
17.50
3.90
78.00
8.20
15.20
6.90
13.07
14.80
14.20
16.20
5.10
14.80
20.40
16.20
12.10
12.80
12.5%

Dune coverage
within the SAR
swath (%)
Rodriguez et al.,
2014
16.60
51.20
17.90
39.10
7.50
83.70
7.50
6.50
18.60
7.90
17.20
38.30
15.40
47.60
2.70
23.40
40.30
9.10
17.80
22.10
45.70
49.10
18.10
46.70
18.50
24.40
8.20
12.40
40.30
5.90
72.00
15.50
1.90
13.90
23%

Dune coverage
within the SAR
swath 2 (%) from
this study

Imaged
Dune
Fields 3

16.80
48.82
24.24
9.29
4.17
81.32
8.77
2.86
19.63
7.49
15.03
14.85
15.71
1.94
1.45
20.01
33.26
6.14
15.88
22.05
16.83
46.76
10.66
21.02
13.80
16.57
2.44
5.48
11.69
36.17
19.31
2.42
52.98
24 %

F
B, S, SL
SL
SL
S
F
S
S
S, B
F, S
F, A
F, A
F
SL
B
SL
SL
F
SL
SL
SL
B
B
S
B
SL
SL
SL
SL
SL
B, S, SL
SL
B
S, F, A
F
B
B
B

Swath areal coverage in percent of Titan’s surface area
The percentage of dune field area within each swath, excluding bright obstacles.
The names of the dune field(s) imaged during each flyby are noted: A= Aztlan, B= Belet, F= Fensal, S= Senkyo, SL= Shangri-La
(H) indicate HiSAR swaths.
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Figure 5
Global Cassini SAR mosaic, with Cassini ISS base map, including all Cassini SAR and HiSAR imagery acquired
from the beginning of the mission though flyby T77. Dune field area polygons are colorized by individual swaths to
indicate where overlap exists. Global dune area based on extrapolation form Cassini SAR and HiSAR is 20 million
km2 or 24 ± 3% of Titan’s surface.
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Figure 6
Close up of dune field polygons from Cassini SAR images. (A) Senkyo Sand Sea. (B) Fensal and Aztlan Sand Seas.
(C) Belet Sand Sea. (D) Shangri-La Sand Sea

2.2 Dune Field Areas from Cassini ISS
This study is the first to consider Cassini ISS data in measuring dune field extents. The
advantage of these data is there is 100% coverage available at observed dune latitudes, compared
to only ~30% Cassini SAR coverage at the same latitudes. Cassini is sensitive to the visible and
near-infrared regions and thus returns information on the albedo of surface features (Porco et al.
2005). Dunes are dark to Cassini ISS, supporting the conclusion that dune materials are
hydrocarbons (Soderblom et al. 2007; Barnes et al. 2008). The resolution (<1 to ~10 km/pixel) of
Cassini ISS data, however, prohibits the identification of linear dune forms. Also, Cassini ISS
brightness values vary by location as a function of viewing angle and scattering by atmospheric
haze (Elachi et al., 2004). Nonetheless, we have found a reasonable correlation between regions
15

dark to Cassini ISS at 938 nm (Porco et al., 2005) and regions of dune material seen in Cassini
SAR images (Lorenz et al. 2006) (Figure 7). We exclude all Cassini ISS-dark polar regions in
this study.

Figure 7
Visual correlation between dune field polygons seen in Cassini SAR swath T8 and areas dark to Cassini ISS. (A)
Dunes are identified in Cassini SAR imagery as linear in morphology and SAR-dark. (B) Dune fields in Cassini ISS
imagery are identified by correlation to dune field polygons from SAR mapping, when available nearby, and ISS
pixel values less than ~115. Images are about 1100 km across.

Determination of the presence of dune material in Cassini ISS data was a two-step
process. First, we superimposed our dune field polygons from Cassini SAR data onto the ISS
16

mosaic to determine the ISS data values within each region that represent dune material. Second,
we extend Cassini SAR dune polygons into proximal areas where only ISS coverage is available,
including only ISS pixel values that correlate to dune material. Careful correlation of Cassini
SAR to ISS data reveal that ISS brightness values lower than ~115 correspond with dune areas
(from a range of 0 to 255)(Figure 8). We placed the threshold value at the transition from blue to
light-green in a custom 20-interval color table from magenta to red (magenta and blue
representing low brightness). Utilization of the color table facilitated mapping by hand and
produces boundaries that are comparatively easy to identify (Figure 9).

Figure 8
Cassini ISS data can be used to estimate total dune coverage on Titan. This color-coded ISS mosaic shows dune
covered areas, originally dark to ISS, more clearly than the original grayscale image. Dune field boundaries are
generally at the transition from blue to light-green.
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Figure 9
Dune field polygons are based on the correlation between Cassini SAR mapped dune fields and Cassini ISS data
values in each given region. ISS values correlating to dune material vary for each sand sea. (A) Fensal and Aztlan
Sand Seas boundaries are shown. The sharp north to south running line is an ISS image boundary and not a sudden
change in dune field properties, this can be confirmed in SAR images. Cassini SAR swaths T3, T17, and T77
confirm the NW green region mapped as dunes. (B) Senkyo Sand Sea dune boundaries are shown. Here the ISS
dune threshold values vary because of relatively limited SAR coverage. (C) Belet Sand Sea boundaries are shown.
The magenta (low ISS values) region in the SE corner of this image is interpreted as a sand sheet rather than a sand
sea based on the absence of linear dune forms in nearby SAR images. (D) Shangri-La dune boundaries are shown. A
relatively narrow range here is because there is good SAR coverage.

Tests of the chosen threshold value in different regions yielded a good visual correlation
between dunes seen in Cassini SAR images and the selected regional values in the Cassini ISS
images. The chosen threshold value varies by region because of differences in image
characteristics, so we adjusted the threshold value in different regions by reevaluating the
18

correlation between SAR and ISS. The threshold value in western Fensal, for example, which is
near the bright Xanadu terrain, is ~150. This interpretation is based on observed dune forms in
nearby Cassini SAR swath T77 that correlate with higher Cassini ISS data values. Relatively
higher Cassini ISS data values in the Fensal Sand Sea could be the result of (1) expansive
interdunes with little to no sediment cover, (2) the averaging of data near the seam of two
separate Cassini ISS images, one covering parts of Xanadu, a large bright region, and the other
covering parts of Fensal Sand Sea, a darker dune covered region, or (3) a combination of these.
Dune areas might be slightly overestimated in Cassini ISS images of regions between the
sand seas. Thin sands not organized into large dunes may be visible by Cassini ISS but not by
Cassini SAR, which can penetrate through thin sands and reveal bedrock (Radebaugh, 2010; Le
Gall et al., 2011; Lorenz et al., 2008). Similarly, regions that are sandy and possibly organized
into smaller dune forms, such as barchans, domes or transverse dunes, not visible to Cassini SAR
or ISS are not included in these area calculations and are thus underestimated. One example is in
the SE portion of Belet Sand Sea, near 210° W and 30° S, seen in figure 8. Here low ISS values
and the Cassini VIMS “brown” unit (Rodriguez et al., 2014) indicate dune material, however,
linear dune forms are not resolvable in nearby SAR swath T39. Therefore, we interpret this area
to be not covered by dunes. Rodriguez et al. (2014) include this region in their estimate because
Cassini VIMS indicates a dune composition. It is possible dunes are unresolvable to SAR or that
an expansive sand sheet covers this region.
To calculate the area of dunes we used a geodesic calculation tool from the U.S.
Geological Survey Astrogeology Division that allows for an accurate representation of distances
and areas on Titan’s surface. In addition, we merged locations where there was overlap of
Cassini SAR and ISS area polygons before calculating areas. The total area of dunes on Titan
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measured using Cassini ISS data (Oct 2004 to June 2013) is 12.8 ± 2 million km2 or 15.4 ± 2.4%
of Titan. This compares well with areas estimated by Le Gall et al. (2011) of 10 million km2 or
12.5% and Rodriguez et al. (2014) of 14.6 ± 1.2 million km2 or 17.5 ± 1.5%. Figure 10a is a
comparison of total dune area measured by Rodriguez et al. (2014) from Cassini VIMS data to
our measurements using Cassini ISS data. The uncertainty in our estimate incorporates
variability in the ISS dune threshold values used to determine regional sand sea extents (globally
~15% error). Ranges in ISS dune threshold values were greatest in the Fensal/Aztlan region then
in the Belet, Senkyo, and Shangri-La regions respectively. Sand sea areas are 2.4 ± 0.3 million
km2 in Senkyo, 3.3 ± 0.6 million km2 in Belet, 3.2 ± 0.3 million km2 in Shangri-La, and 3.8 ± 0.8
million km2 in the combined Fensal and Aztlan Sand Seas (Figure 10b, Figure 11). This
compares well with values for sand seas on Earth, such as 2.3 million km2 in the Arabian Desert.
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Figure 10
Latitudinal distributions of Cassini SAR observations and sand sea areas. (a) The fractional surface area of dune
fields from Cassini ISS, Cassini VIMS (Rodriguez et al., 2014), and the fractional surface area of Cassini SAR
coverage by latitude. (b) The fractional surface area of Titan’s Senkyo, Belet, Shangri-La, Fensal, and Aztlan Sand
Seas by latitude as measured with Cassini ISS images.
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Figure 11
Titan dune field area map from Cassini SAR, HiSAR, and ISS data. Global dune field area is 12.8 million km2 ± 2
million km2 or ~15.4% ± 2.4% of Titan’s surface.

3.0 Volumes of Dune Regions on Titan
Cassini VIMS and ISS observations indicate a hydrocarbon composition for dune
sediments on Titan and studies suggest that Titan’s sand seas are the largest known reservoir of
organics, larger by volume than Titan’s lakes (Lorenz et al. 2008; Le Gall et al., 2011). Lorenz et
al. (2008) were the first to estimate Titan’s organic sediment inventory from dunes,
approximating a total volume of 320,000 km3, with a range of 200,000-800,000 km3. Lorenz et
al. (2008) determined a sand sea area-averaged sand thickness of 30 m from a dune height
estimate of ~150 m, a dune width/spacing ratio of 0.25, a triangular dune cross-section, and an
interdune sediment thickness of ~5 m. Le Gall et al. (2011) estimated a sand volume of 250,000
km3, with a range of 50,000-500,000 km3. Le Gall et al. (2011) also used a 5 m thickness for the
interdune sand cover. They utilized a variability in dune height of 30–180 m, based on
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measurements by Barnes et al. (2008) and Neish et al. (2010), and used a dune/interdune
coverage fraction of 35–60% as derived by Savage and Radebaugh (2011). Rodriguez et al.
(2014) also estimated the volume following the method of Le Gall et al. (2011) and their Cassini
VIMS measurements, to determine a dune sediment volume of 170,000-440,000 km3.
In a model described below, we obtain a new estimate of sediment volume. We use our
dune area calculations and incorporate values for dune parameters such as width, spacing, and
height across the satellite (e.g., from Savage et al. 2014). Given that detailed measurements of
these parameters have only been done for select dune regions, we also use a method, based on
understanding of sand sea behavior, to predict dune parameter values at locations not yet
measured or without SAR coverage. Obtaining the volume of hydrocarbon sediment on Titan can
help reveal the source of the sand-sized material accumulated on Titan, why it has collected near
the equatorial regions, and how it is transported, which is related to atmospheric processes. This
value is also an important piece of the total organic inventory (Lorenz et al. 2008).

3.1 Dune width and spacing
Savage et al. (2014) measured the widths of more than 10,000 dunes and the spacing of
4,000 dunes across five Cassini SAR swath images (T21, T23, T28, T44, T28). Williams and
Radebaugh (2014) and Mills et al. (2013) added about 1,000 more width and spacing
measurements in four additional SAR swathes (T19, T44, T50, T77). Savage et al. (2014)
equated the sum of the average width of SAR-dark and bright streaks at a given latitude to be the
spacing, in lieu of actual crest-to-crest measurements not possible on Titan at Cassini SAR
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resolutions. Williams and Radebaugh (2014) and Mills et al. (2013) improved upon this method
and measured from one light-dark boundary to another.
Analysis of trends in width and spacing by latitude (Le Gall et al., 2011; 2012; Savage et
al., 2014) confirms that dune widths in Titan’s sand seas decrease northward from ~7° S (Le Gall
et al., 2011) (Figure 12). Le Gall et al., (2011) also observe that the fraction of interdunes
(defined as the interdune width divided by spacing) increases with latitude between ~7° S and
~14° N. Mills et al. (2013) determined this trend also occurs between ~7° S and 30° S (Figure
13). This observation is consistent with observations by Lancaster (1989) in Earth’s Namib Sand
Sea, where the greatest dune width resides in the central portions of the sand sea and decreases
toward the margins. The central portions of Titan’s Senkyo, Belet, and Shangri-La Sand Seas
reside at ~7° S latitude where deposition of sediment is also likely the greatest.
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Figure 12
A comparison plot of average dune width by latitude used in our model to measurements by Savage et al. (2014).
Modeled dune widths are from contour maps based on over 11,000 dune width measurements by Willams and
Radebaugh (2014) and Savage et al., (2014). Titan dune width decreases at latitudes away from ~7° S.
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Figure 13
A plot of average interdune fraction by degree latitude showing a similar trend for values used in our model and
values given by Le Gall et al., (2011).

Dune width and spacing contours are inferred using a spherical semivariogram kriging
method in ArcGIS to identify trends in existing data described above. We note that given the
clustered nature of the data points and the large expanses devoid of measurements between
clusters, kriging of the data produced an incomplete picture. Consequently, we supplemented the
kriging results with hand-drawn contour maps using the following constraints. (1) In sand seas
on Earth, e.g. the Namib Sand Sea, contours of dune parameters usually elongate parallel to the
long axis of linear dunes (Lancaster, 1995). Therefore, on Titan we expect contours to be
elongated in the W to E direction following dune orientations measured by Radebaugh and
Lorenz (2009). (2) Dune height, width, and spacing patterns in the Namib Sand Sea display
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clear evidence of systematic organization (Lancaster, 1989). The largest and most widely spaced
dunes are found in the central and northern areas of the Namib Sand Sea, where deposition is
likely the greatest (sediment transport, and dune long axis alignment, is generally south to north).
Smaller and more closely spaced dunes are found toward the margins and in the southern part of
the sand sea. The close correlations that exist between dune height, width, and spacing in the
Namib imply a high degree of adjustment to controlling variables, or high degree of maturity
(Chorley and Kennedy, 1971; Tsoar, 1978). Savage et al. (2014) and Radebaugh (2013) noted
that the uniform morphology of dunes across Titan may indicate their longevity and maturity.
Additionally, Savage et al. (2014) noted that Titan’s dunes have mature characteristics in their
large widths and spacings, and the general absence of abundant, intermediate-sized flanking
features. These characteristics are evidence of long-term stability of the wind regime. Dunes on
Titan, therefore, likely have close correlations between dune width and spacing and location in
the sand sea, and therefore, the possibility of extending these values to where there is not data.
(Figure 14, Figure 15, & Figure 16).
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Figure 14
Dune width measurements and contours for Titan’s sand seas. Width measurements by Savage et al. (2014) and
Williams and Radebaugh, (2014) are plotted in their respective Cassini SAR swaths. Width values are color coded
by 0.5 km increments. Contours are inferred from width measurements supplemented by hand contouring.
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Figure 15
Inferred dune width contour map of Senkyo, Belet, Shangri-La, Fensal, and Aztlan sand seas. Width contours are
inferred using a spherical semivariogram kriging method based on ~10,000 dune width measurements by Savage et
al. (2014) and ~1,000 measurements by Williams and Radebaugh (2014). We also consider observations from Le
Gall et al., (2011) and Savage et al., (2014) who note that dune widths generally decrease with changes in latitude
away from ~7° S latitude. Additionally, contours are based on dune field boundaries and large obstacles observed in
Titan’s sand seas.
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Figure 16
Inferred dune spacing map of Senkyo, Belet, Shangri-La, Fensal, and Aztlan sand seas. Dune spacing contours are
inferred using a spherical semivariogram kriging method based on ~4,000 dune spacing measurements by Savage et
al., (2014) and ~1,000 measurements by Williams and Radebaugh (2014). Spacing contours generally increase
toward the center of each sand sea with the greatest spacing values in the central areas similar to observations in the
Namib Sand Sea (Lancaster, 1989; 1995).

3.2 Dune Height
Dune height measurements for Titan are limited and available in less than one onethousandth of Titan’s dune areas. This is because a measurement is only possible when there is a
direct reflection of the SAR signal on the dune face (Neish et al., 2010; Masterogiuseppe et al.,
2014). Neish et al. (2010) used radarclinometry, or shape-from-shading, to measure dune heights
and determined three average height values, two at locations in Belet, 87 m (T8-West) and 131 m
(T8-East), and one in Shangri-La, 127 m (T44). Mastrogiuseppe et al. (2014) used Cassini
RADAR altimeter echoes to model dune heights in the Fensal Sand Sea. They retrieved 14
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height measurements, ranging from 55 to 125 m, in a 183 km long section of Cassini SAR swath
T28.
With the limited availability of height measurements on Titan, we note the close
correlations between dune height and spacing that have been demonstrated in Earth’s dune fields
(Wasson and Hyde, 1983a, 1983b; Breed and Grow, 1979; Lancaster, 1988, 1989). The
relationship between dune height (DH) and dune spacing (DS) varies with dune type and location
and can be expressed by a power function of the following form (Lancaster, 1988, 1989):
𝐷𝐷𝐻𝐻 = 𝑐𝑐𝐷𝐷𝑠𝑠 𝑛𝑛

The term n represents the rate at which dune height increases relative to dune spacing and
the term c is a constant relating spacing and height (Lancaster, 1988). When n=1, dune height
and spacing increase at the same rate relative to one another. However, if n<1, dune spacing
increases more rapidly than dune height, suggesting active sand transport and rapid dune
extension or migration. Conversely, when n>1, dune height increases more rapidly than dune
spacing, indicating wind regimes that favor deposition of dunes, and therefore, dune growth
(Lancaster et al. 1988; Neish et al., 2010). Although this relationship between dune height and
spacing varies with dune type and location, dune type does not appear to vary across Titan’s sand
seas (Savage et al., 2014). Therefore, we can determine the formula coefficients for locations
with known heights and spacings and then extend the heights to other regions given values for
spacings.
To model height values we use all 17 height measurements by Neish et al. (2010) and
Masteroguiseppe et al. (2014). We also use the values from Neish et al. (2010) of n=0.76 for
Belet and n=0.91 for Shangri-La. Additionally, by inputting values for n, Ds, and DH given by
31

Neish et al. (2010), we determine a specific c value for each sand sea based on the given spacing
and height values for our model. We use c=0.33 and c=0.08 in Belet and Shangri-La Sand Seas
respectively. From height measurements of 55 to 125 m in Fensal by Masteroguisppe et al.
(2014), and spacing measurements of 1 to 3.7 km at the same location by Savage et al. (2014),
we determine n=0.65 and c=0.69 for the Fensal/Aztlan Sand Seas. For Senkyo Sand Sea, where
no height data are available, we assume n=0.91 and c=0.08, the same value used for Shangri-La.
The centers of these two sand seas lie at about the same latitude, so we expect similarities in
climate and wind regime. These unique n values for each sand sea allow us to estimate over
2,000 dune height values in 100 x 100 km cells (Figure 17). There is an error of 5% in
comparing the average dune spacing of all model-generated values (105 m) in each 100 x 100
km cell and the average of all measured values (100 m). However, we note several of the height
measurements occur near the margins of the sand seas, and when used as an average may
underestimate heights, and therefore we assume a height value error of 10%.

32

Figure 17
Dune heights are derived from spacing by a power function that relates the two parameters (Lancaster, 1988). This
graph also shows height and spacing values based on the relationship between height and spacing of linear dunes in
the Namib Sand Sea on Earth for comparison. All dune heights calculated with our model fit within the range of
currently available height measurements, between 30 m and 180 m with the average of ~100 m.

3.3 Dune Profile
To estimate the volume fraction of organic sediments beneath dune profiles on Titan, instead of
assuming a simple pyramidal shape we assume the shape of a particular linear dune in the Namib
Sand Sea. Approximate dune height, spacing, and morphology in the Namib Sand Sea are similar
to those values for Titan, lending credence to their comparison (Neish et al., 2010; Radebaugh et
al., 2010; Savage et al., 2014). In August 2013, using a handheld GPS instrument, we measured
the profile of a linear dune near the Gobabeb Research Center (Figure 18). The height of this
dune of 117 m is similar to the average dune height of 115 m by Neish et al. (2010). We
determined the area beneath the dune prolife to be 40% of a rectangle equal to its height and
width. Though this Namib dune was used because of its similarity to observed dunes on Titan we
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assume ~10% error on the profile. It is possible the area beneath this Namib dune profile could
be lower when compared to dunes on Titan because stabilization of the plinths by vegetation
could decrease slopes.

Figure 18
A linear dune profile from the Namib Sand Sea measured using a handheld GPS. A black star, near the Gobabeb
Research Center, indicates the profile’s location. The area beneath the profile in cross-section view is 40% the total
area of the width and height. At 115 m high this dune is an excellent analogue for dunes on Titan.
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3.4 Volume Calculation
To estimate sediment volumes across Titan’s sand seas, we used ArcGIS to create a
volume map. We first created maps individually for each sand sea then combined them to create
a global map of the results. This was accomplished by sampling contoured dune width, spacing,
and height maps with an equal-area 33 x 33 km grid. The grid was projected using an equal area
coordinate system to allow for accurate calculation of areas and distances. Additionally, it was
set up so that the latitude and longitude of each cell are the same on all of the contour maps. This
ensures that all grid cells do not misrepresent data at the equator relative to higher latitudes. To
determine the most accurate parameter values we averaged every three points in each direction,
effectively sampling the map on a 100 x 100 km grid. We also calculated area for each grid cell.
The area was reported for every 100 km x 100 km grid so that its latitude and longitude would
correlate to the other data points for width and spacing (Figure 19).
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Figure 19
A map indicating the locations for the centroid of each grid cell is displayed.

We then calculated the sediment volume for each cell based on the equation,
𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑉𝑉𝐷𝐷 + 𝑉𝑉𝐼𝐼𝐼𝐼

where total volume (VTotal) is the sum of dune volume (VD) and interdune volume (VID). We
calculated the sediment volume for the dunes based on the equation,
𝑉𝑉𝐷𝐷 = 𝐴𝐴 ∗ ℎ ∗ 𝑓𝑓𝑑𝑑 ∗ 𝑝𝑝

where the volume of dune material (VD) is the product of dune height (h), dune field area (A),
the fraction of dune coverage (fd), and the fraction of a rectangle defined by the height and width
below the linear profile (p). To calculate the interdune sediment volume within the sand sea we
used the equation,
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𝑉𝑉𝐼𝐼𝐼𝐼 = 𝐴𝐴 ∗ (1 − 𝑓𝑓𝑑𝑑 ) ∗ 𝑡𝑡𝐼𝐼𝐼𝐼

where the volume of interdune sediments (VID) is the product dune field area (A), the fraction of
interdune area (1-fd), and interdune thickness (tID). All values for these equations are generated
by our observation-based model (i.e. the contouring and grid method described above) except the
value for interdune thickness. Similar to Lorenz et al. (2008), Le Gall et al., (2009), and
Rodriguez et al. (2014), we assume an interdune sediment thickness of 5 meters for all sand seas,
except for in the Fensal/Aztlan Sand Sea where we assume an interdune thickness of 1 meter (in
this study Fensal and Aztlan Sand Seas are combined because SAR coverage and parameter
measurements are sparse in Aztlan Sand Sea). In some areas of Fensal Sand Sea there is little to
no sediment coverage in interdune areas indicated by expansive SAR-bright streaks between
dunes. In some areas of swaths T17, T25 and T28, in the southern margins of Fensal and
especially in Aztlan, we do observe Cassini SAR-dark interdune deposits, similar to other sand
seas on Titan, and thus we assume ~1m thickness for the entire Fenasl and Aztlan sand seas.
Error propagation through our volume equation suggests ~35% error in our volume
estimate. This is the sum of the relative uncertainties in the parameters (i.e. area, dune height,
dune fraction, and fraction of sediment beneath a linear dune profile) used in the equation.

3.5 Volumes of Titan’s Sand Seas
Using the method described above, we have determined global sediment volumes from
Titan’s sand seas where linear dunes are found and have produced an estimated volume map of
Titan’s sand seas (Figure 20). Our results from Cassini SAR and ISS data indicate a global dune
sediment volume of 206,000 km3 to 427,000 km3. Additionally, we provide the first regional
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volume estimates by sand sea of 3.8–7.9 x 104 km3 in Senkyo, 6.1–12.7 x 104 km3 in Belet, 5.3–
11.0 x 104 km3 in Shangri-La, and also 5.3–11.0 x 104 km3 in Fensal and Aztlan sand seas (See
Table 3). We have also determined the equivalent sediment thickness (EST), the thickness per
unit area that would exist if the dune field topography was leveled, (assuming no solidification
within the dunes) in each sand sea: ~24 m in Belet, ~21 m in Senkyo, ~21.5 m in Shangri-La,
and ~17 m in Fensal and Aztlan.

Figure 20
Volume map of Titan’s Sand Seas. Blue areas are regions of low sediment volume and equivalent sediment
thickness (EST). Red areas are regions of high sediment volume and EST. This map indicates that the greatest
sediment supply is in Belet sand sea where deposition has likely also been the greatest relative to other sand seas on
Titan. Conversely, sediment supply is lowest in the Fensal and Aztlan Sand Seas, likely indicating this could be a
region of sediment transport or by-pass.
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Table 3: Areas, volumes, and thicknesses of sand seas based on Cassini ISS data
Total Area (million km2)
Total Dune Area (million km2)
Total Interdune Area (million km2)
Total material Volume (km3)
Total Dune Volume (km3)
Total Interdune Volume (km3)
Dune area fraction
Interdune area fraction
EST for sand sea (m)

*Indicates an average rather than a total

Senkyo
2.45
1.27
1.18
58,800
52,300
5,900
0.52
0.48
24

Belet
3.31
1.72
1.59
94,300
86,400
7,900
0.52
0.48
28

Shangri-La
3.25
1.72
1.53
81,800
74,200
7,600
0.52
0.48
25

Fensal &Aztlan
3.78
1.71
2.07
81,500
74,200
7,600
0.53
0.47
22

Global
12.79
6.42
6.37
316,400
292,300
23,500
0.50*
0.50*
25*

4.0 Discussion
Our extrapolated global estimate of dune area, based on ~50% Cassini SAR global
coverage, is 20 million km2 or 24 ± 3% of Titan’s surface and correlates well with the area
determined by Rodriguez et al., (2014) of 19.2 million km2 or 23% dune area. Additionally, our
global sediment volume estimate, based on ISS mapping, of 206,000 km3–427,000 km3 is similar
to the sediment volume estimate of 170,000 km3– 440,000 km3, determined by Rodriguez et al.,
(2014), who used Cassini SAR and VIMS data in their analysis. The similarity between these
results provides compelling evidence that use of multiple Cassini image datasets can yield valid
results for sand sea, and other surface feature, studies. Our estimate for sediment volume
includes only mobile eolian dune and interdune sediments. Sediments beyond the depth of
investigation of the Cassini SAR and ISS instruments are impossible to accurately estimate.
Also, where possible we excluded all sand sheet areas within the equatorial region that could be
identified and all areas north and south of ± 30° latitude.
In addition to improving upon methods for sand sea area mapping we have improved
significantly upon methods for volume calculation. Furthermore, we have created a sediment
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thickness map of Titan’s sand seas based entirely on observed and measured sand sea
characteristics on Titan and in Earth’s morphologically similar Namib Sand Sea. Though the
results indicated in our volume map are model-based, they are based upon tested relationships in
sand seas on Earth and represent a scenario for sediment thickness and movement that could
actually exist on Titan. The sediment thickness map can aid in interpreting Titan’s recent
sediment transportation and accumulation and wind patterns. The spatial distribution of dunes in
sand seas on Earth follows the spatial variation in sand-moving wind regimes (Lancaster, 1989).
The greatest differences in dune size, spacing, and ultimately sediment volume are
observed between Belet and Fensal Sand Seas. More than half of Belet Sand Sea is located in the
southern hemisphere. Dunes in the central portion of Belet are closely spaced, narrow and
relatively Cassini ISS-dark compared to Fensal, indicating thick piles of interdune sediments.
Conversely, dunes in Fensal Sand Sea, located north of the equator, are widely spaced and
comparatively Cassini ISS-light compared to Belet indicating expansive interdunes. We suggest
that Fensal Sand Sea resides in a sediment transport zone and that Belet Sand Sea resides in a
sediment deposition zone, at least relative to one another. Areas where sediment volumes are
greatest and sediments are likely being deposited are indicated in Figure 20 in red areas, in the
central portions of Belet, Senkyo, and Shangri-La Sand Seas. This is consistent with observations
in Earth’s Namib Desert where deposition is greatest in the central areas of the sand sea
(Lancaster, 1989). Sediment transport may occur in the blue areas connecting sand seas, where
sediment volume is lower, similar to deserts on Earth. In Earth’s Namib Sand Sea the size and
spacing of dunes is a product of variations in sand transport rates which result from equivalent
spatial changes in wind velocity and directional variability (Lancaster, 1989). These results
imply spatial differences in circulation patterns and local wind strength and direction, as well as
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geologic/tectonic factors that have ultimately caused variations in rates of transport and
deposition (Lancaster, 1989).
On Titan, topography might be a contributing factor to why dunes are located only within
the equatorial region. According to Lancaster (1989), sand seas accumulate where spatial
changes in wind regime give rise to decelerating or converging sand flows. In eolian
environments winds decelerate, accelerate, diverge, and converge around topographic features.
This is evidenced in dune morphologies observed near small obstacles, or inselbergs, within
Titan’s sand seas, where dune spacing increases on the downwind side of obstacles. Though
globally there is little apparent change in topography on Titan, the most drastic of these subtle
changes occur in the equatorial region. Additionally, Titan’s thick atmosphere and low gravity
both favor the transport of sand sized particles by low threshold wind speeds on the order of 0.51 m/s (Jaumann et al., 2009). Therefore, even the smallest changes in dune forming wind speeds
could have large-scale impacts on whether deposition or transport is occurring.
Sediment availability and proximity to a sediment source are important factors for sand
sea accumulation and growth and may be contributing factors to the occurrence of dunes in
Titan’s equatorial region. The orientation of linear dune forms W to E (Lorenz and Radebaugh,
2009) indicates a cumulative net regional wind direction roughly parallel to Titan’s equator.
Titan’s equatorial region also resides at higher than average elevation. This suggests that dune
forming sediments must currently be, or must have been, sourced in or near the equatorial region.
Cross-cutting relationships also indicate dunes are among the youngest features on Titan,
therefore, the source zone should be nearby and resolvable. Xanadu, or other highlands, could be
sediment source zones. With several, well-developed river channels and numerous ridges
(Radebaugh et al., 2011) it is a region of strong erosion.
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5.0 Conclusions
In this paper, we showed that a good correlation exists between dune fields identified in
Cassini SAR images (with limited areal coverage) and dark areas in Cassini ISS images (with
near global equatorial coverage) to produce the first areal estimates for Titan’s sand seas using
Cassini ISS data of 12.8 ± 2 million km2 or 15.4 ± 2.4% of Titan’s surface. We find a global
organic sediment volume of 206,000 km3–427,000 km3, and we provide the first regional volume
estimates by sand sea of 3.8–7.9 x 104 km3 in Senkyo, 6.1–12.7 x 104 km3 in Belet, 5.3–11.0 x
104 km3 in Shangri-La, and also 5.3–11.0 x 104 km3 in Fensal and Aztlan Sand Seas. In this
paper, we also examined the morphometry and distribution of linear dunes on Titan and
developed a method to map sand sea area and sediment thickness in the Senkyo, Belet, ShangriLa, Fensal, and Aztlan Sand Seas as well as globally. We described that there are areas of
sediment transport, such as at the margins of the sand seas, different from areas of deposition,
such as in the middle of the sand seas, and compared the apparent volume differences between
Fensal and Belet Sand Seas. We suggested that a reason dunes are isolated between ± 30°
latitude could be related to topography, sediment supply and humidity. The preliminary volume
map we created is an important tool that can be used not only to understand sediment transport
and deposition but could be used in conjunction with climate and wind models to help explain
spatial variations in wind and sediment. This map is also a product into which additional
measurements could be incorporated to refine volume estimates. Finally, we have shown that
volume modeling is effective in increasing our knowledge of sediment transport and deposition,
wind regimes, and individual sand seas.
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